Despite the global significance of chlorophylls and other modified tetrapyrroles, many aspects of their biosynthetic pathways are poorly understood. A key enzyme at the branch point between the haem and chlorophyll pathways, magnesium chelatase, couples the free energy of A T P hydrolysis to the insertion of magnesium into porphyrin, a process that is likely to be mediated through protein conformational changes. Conclusions from recent structural and functional studies of individual subunits are combined to provide a mechanistic outline of the full magnesium chelatase complex. Gathering further information presents a considerable challenge, and recent steps towards this goal will be introduced.
Introduction
Metal ion insertion steps are critical in the biosynthesis of the tetrapyrrole-derived pigments, which are involved in electron transport, light harvesting, oxygen transport and the assimilation of organic nitrogen and sulphur. These reactions are catalysed by the metal ion chelatases, and can be divided into two broad classes : A T P dependent and independent. T h e most extensively studied ATP-dependent chelatase is magnesium protoporphyrin IX chelatase, which is the first committed step in (bacterio)chlorophyll synthesis. This is mainly due to the development of overexpression systems [1,2] that aid purification of these proteins derived from chlorophyll a-and (bacterio)chlorophyll a-producing species. Magnesium chelation requires three proteins, the I ( 3 8 4 2 kDa), D (60-74 kDa) and H (140-150 kDa) subunits, both in (bacterio)chlorophyll a-producing prokaryotes [l-31 and in higher plants [ 4 7 ] , where these enzymes are located in the chloroplasts.
There has been long-term interest in magnesium chelatase as an unusual enzyme activity in the relatively poorly understood chlorophyll biosynthetic pathway. More recent work has broadened our understanding of the cellular role of magnesium chelatase, and novel homologies allow us to draw analogies with some quite unexpected ATP-dependent processes. T h e Arabidopsis G U N 5 mutant reveals the involvement of the magnesium chelatase H subunit in plastid-to-nucleus signal transduction [8] links this critical biosynthetic step directly with a cellular regulatory network. Additionally, intriguingly, both the I and the D subunits of this enzyme have been shown to be members of the AAA+ family of ATPases, both by sequence analysis [9] and by conservation of a characteristic fold [lo] . This group of multimeric enzymes has a diverse set of cellular roles, including DNA replication, membrane fusion, microtubule processing and proteolysis. While there is an exceptional range of activities in this family, some common themes emerge. It has been suggested that these enzymes all act to mediate an ATP-driven conformational change in macromolecular substrates [ l l ] , implying that as a small-molecule biosynthetic enzyme, magnesium chelatase is a rather unusual AAA+ family member.
Stepwise approach to understanding the functions of magnesium chelatase
T h e magnesium chelation reaction requires three subunits and three substrates, two of which exist in equilibrium with each other (free Mg2+ and MgATP2-). T h e reaction is co-operative, and additionally may show side-reactions, in particular the uncoupled hydrolysis of MgATP2-. This presents a considerable experimental challenge, and most insight into function has come from studies on individual subunits or on stable protein complexes that comprise only part of the intact chelatase. We have shown that the I and D subunits, the AAA+ family members, are the ATPase moieties [12], and presumably act to power the chelation reaction. Porphyrin binding studies have demonstrated that the H subunit is the porphyrin binding subunit, and so probably contains the chelatase active site. T h e separation of A T P hydrolysis and porphyrin binding between the two sets of subunits allows us to consider magnesium chelatase as a bifunctional enzyme in 
ATPase activity of the I subunit and existence of a stable ID complex
T h e ChlI subunit from Synechocystis PCC6803 is an ATPase [ 121 and forms high-molecular-mass aggregates (approx. six to eight subunits) in the presence of A T P and MgCl, [13] . T h e structure of this subunit clearly shows the expected A T P binding site [lo] . T h e high-molecular-mass aggregates were also shown by electron microscopy to form rings with a diameter of approx. 120 A, consistent with a hexamer. T h e ATP-dependent formation of rings containing around six subunits is common behaviour in the AAAi superfamily. While these data offer the first insight into the architecture of the intact complex, it is unlikely that these aggregates of ChlI interact directly with the other two subunits to form an intact chelatase complex. For example, when pre-formed ChlI aggregate is used in a magnesium chelatase assay, the lag in product formation is considerably longer than if the subunits are added directly to a substrate mix [13] . T h e same series of kinetic experiments showed that the lag in product formation can be decreased significantly by incubating ChlI, ChlD, MgCl, and A T P together before addition to ChlH and the porphyrin substrate, suggesting that an I D complex interacts with the H subunit to form the intact enzyme. It was later demonstrated that this ChlID complex can be purified by nickel affinity chromatography [12] , and that it can be formed without A T P hydrolysis [14] . T h e N-terminal region of ChlD is closely related to ChlI and thus is a member of the AAA+ superfamily, suggesting that ChlID may form two stacked, potentially hexameric, rings. It has been shown that the C-terminal domain of the D subunit has sequence similarity with integrin I domains, and a modelled structure has been produced [lo] . As integrin I domains have conserved metal ion binding sites, it was suggested that the C-terminal region of the D subunit contains the magnesium binding site that interacts with the H subunit-bound porphyrin during the catalytic cycle. In contrast, partial activity of the tobacco chelatase is retained even when C-terminally truncated ChlD subunits are assayed [15] . Perhaps this putative magnesium binding site is not an active site, but instead acts to modulate catalytic activity. It is probable that dissection of magnesium trafficking in this enzyme will require the systematic study of both isolated subunits and the entire system.
The H subunit and porphyrin binding
T h e first indication that the H subunit is involved in binding porphyrin was the finding that incubation of ChlH with protoporphyrin IX before starting a chelatase assay could significantly lower the length of the lag in product formation [13] . Interestingly, the same experiments also suggested that MgCl, and ATP, when incubated with the H subunit, could also slightly reduce the lag. After it was demonstrated that binding of porphyrin caused significant changes (Trp quenching) in protein fluorescence, binding was studied in detail, demonstrating that deuteroporphyrin IX, a more water-soluble analogue of the biological substrate, binds with micromolar affinity [16] , as does the native substrate (G. A. Karger and C. N. Hunter, unpublished work) . MgATP2-does not perturb this equilibrium significantly [16] .
Mechanistic studies of ferrochelatase frequently invoke porphyrin distortion as a mechanism to permit ready chelation, and extensive spectroscopic data support these claims [17] . The red shifts and peak broadening of the spectra of H subunit-bound deuteroporphyrin support a slightly deformed configuration. It is likely that further deformation is synchronized with A T P hydrolysis in order to help maintain close coupling between the two reactions.
An integrated understanding of magnesium chelatase
Detailed studies on the intact magnesium chelatase complex remain rare [ 13,181, but have clearly established an overview of the reaction. Based on this work, a provisional model of the magnesium chelatase cycle was suggested [13, 18] in which the I and D subunits interact with MgATP2-and form a complex. It was also proposed that the H subunit with bound protoporphyrin IX reacts with this I-D-MgATP complex, and that a shortlived complex consisting of all three subunits and the three substrates is formed. Next, Mg2+ is inserted into protoporphyrin IX with concomitant hydrolysis of ATP, resulting in another, probably short-lived, complex consisting of I, D, H, MgADP-and Mg protoporphyrin IX. This complex dissociates into I-D-MgADP and H-Mg protoporphyrin, which can be recharged with MgATP2-and protoporphyrin IX respectively to enable them to participate in a new reaction cycle following removal of the reaction products.
While some aspects of this scheme remain hypothetical, it remains a useful guide to our further investigations. Additionally, with the exception of the I subunit, almost nothing is known about the structure and assembly of this complex -clearly an area in which to expect exciting developments.
